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By means of a toy Swiss-cheese cosmological model we will discuss how to set up and carry
out in a physically meaningful way the idea of back-reaction, according to which dark energy
could be an effective source. We will follow two distinct approaches. One is focused on
how cosmological observables are affected by inhomogeneities, while the other is focused on a
theoretical description of the inhomogeneous universe by means of a mean-field description.
1 A point of view
The “safe” consequence of the success of the concordance model is that the isotropic and homo-
geneous ΛCDM model is a good observational fit to the real inhomogeneous universe. And this
is, in some sense, a verification of the cosmological principle: the inhomogeneous universe can
be described by means of an isotropic and homogeneous solution.
However, this does not imply that a primary source of dark energy exists, but only that it
exists as far as the observational fit is concerned. For example, it is not straightforward that
the universe is accelerating. If dark energy does not exist at a fundamental level, its presence
in the concordance model would tell us that the pure-matter inhomogeneous model has been
renormalized, from the observational point of view, into a homogeneous ΛCDM model4,5.
There are, broadly speaking, two distinct approaches about smoothing out inhomogeneities3.
One is focused on how cosmological observables are affected by inhomogeneities, while the other
rests on a theoretical description of the inhomogeneous universe by means of a mean field.
We studied both approaches by means of a toy Swiss-cheese cosmological model1,2, where
the cheese is made of the EdS model and the holes are constructed from a Lemaˆıtre-Tolman-
Bondi solution of Einstein’s equations. LTB solutions are based on the assumption of spherical
symmetry, the motion is radial and geodesic. It has been indeed shown that the LTB solution
can be used to fit the observed dL(z) without the need of dark energy
6,7,8. To achieve this
result, however, it is necessary to place the observer at the center of a rather big underdensity.
To overcome this fine-tuning problem we built a Swiss-cheese model with the observer in the
cheese looking through a series of holes.
2 Swiss-cheese
In this section we will briefly describe our Swiss-cheese. In Fig. 1 you can see, on the left panel,
the density and curvature which characterize our LTB model: there is a void at the center of
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the holes which is dominated by negative curvature. Then there is a compensating overdensity
and finally both the curvature and the (averaged) density match their EdS value at the border
of the hole. The matching is necessary in order to have an exactly solvable Swiss-cheese model.
The Swiss cheese we have in mind is a lattice of identical holes of radius rh ≃ 350Mpc.
On the right panel of Fig. 1 the dynamics is shown. The void is expanding faster than the
cheese causing the formation of a thin shell and of a large void.
Figure 1: Left panel, bottom: the densities ρ(r, t¯) (solid curve) and ρ¯(r, t¯) (dashed curve). The matching to the FRW
solution is achieved as one can see from the plot of ρ¯(r, t¯). Top: curvature k(r) and E(r) necessary for the initial conditions
of no peculiar velocities. On the right dynamics of the LTB solution. From the top to the bottom: energy density, peculiar
velocities and scale factor. Here, t¯ = −0.8 corresponds to z ≃ 2. The hole ends at rh = 0.042 which corresponds to 350Mpc.
3 Luminosity-distance–redshift relation
In this section we will be interested in how cosmological observables are affected by inhomo-
geneities. In our set up the observer is in the cheese and is looking through a series of five holes.
We will focus on the luminosity-distance–redshift relation dL = (1 + z)
2 dA: we will show in
Fig. 2 on the left how redshift changes, while we will show on the right the results for ∆m.
As you can see from Fig. 2 we found that redshift effects are suppressed because of a com-
pensation effect acting on the scale of half a hole, due to spherical symmetry and the matching
performed. However, we found interesting effects in the calculation of the angular distance: the
evolution of the inhomogeneities bends the photon path compared to the EdS case. Therefore,
inhomogeneities will be able (at least partly) to mimic the effects of dark energy.
4 Mean-field description
In this section we will focus on the second possible approach which aims at finding a mean-
filed description of the Swiss-cheese universe. To this end we will study the fitting approach9, in
particular we will fit by means of light-cone averages a quintessence-like phenomenological model
to our Swiss-cheese. We will assume that the dark-energy component in the phenomenological
model has an equation of state w = w0 + wa z/(1 + z). You can see the results in Fig. 3.
If we consider the expansion (left panel) we will simply find the EdS model as the best-fit
phenomenological model, or in other words, we did not find any effects and this is due to the
compensating effect of spherical symmetry. The situation is, however, different if we consider
Figure 2: On the left, redshift histories for a photon that travels from one side of the five-hole chain to the other where the
observer will detect it at present time. The “regular” curve is for the EdS model. The vertical lines mark the edges of the
holes. On the right, the bottom shows the luminosity distance dL(z) for the Swiss-cheese (jagged curve) and the ΛCDM
solution with ΩM = 0.6 and ΩDE = 0.4 (regular curve). In the middle is the change in the angular diameter distance,
∆dA(z), compared to the same ΛCDM model. The top panel shows the distance modulus in various cosmological models.
The jagged line is for the Swiss cheese. The regular curves, from top to bottom, are a ΛCDM model with ΩM = 0.3 and
ΩDE = 0.7, a ΛCDM model with ΩM = 0.6 and ΩDE = 0.4, the best smooth fit to the LTB model, and the EdS model.
density (right panel): the photon is spending more and more time in the (large) voids than in
the (thin) high density structures.
Figure 3: If we consider the expansion rate (left panel) we will find a phenomenological model with w ≃ 0, while if we
consider the density (right panel) we will find a phenomenological model with w0 = −1.95 and wa = 4.28.
Summarizing, in a Swiss-cheese model with spherically symmetric holes photon redshift is not
affected by inhomogeneities. A photon spending most of its time in voids should have, however,
a different redshift history. We have noticed, however, that density is not particularly sensitive
to spherical symmetry and therefore we can argue that a Swiss-cheese made of spherically
symmetric holes and one made of non-spherically symmetric holes will share the same light-cone
averaged density. This step is pictured below.
We will then get the expansion (and so the redshift history) from the density. At the end, we
will end up with the phenomenological best-fit model we have previously found which behaves
similarly to the concordance model.
5 Conclusions
To make the point we will show in a flow chart what we have found by means of the two different
approaches we have followed. Regarding dL(z), we found no important effects from a change in
the redshift: the effects on dL(z) all came from dA driven by the evolution of the inhomogeneities.
Regarding light-cone averages, we found no important effects with respect to the expansion: this
negative result is due to the compensation in the previously discussed redshift and it is the same
reason why we did not find redshift effects with dL(z). We found important effects with respect
to the density: however this is not due to the effects driving the change in dA. The latter is
due to structure evolution while the former to the presence of voids, so the two causes are not
directly connected.
To conclude we would like to stress the importance of setting up and carrying out in a
physically meaningful way the idea of the back-reaction or, in other words, of taking into account
the smoothing of inhomogeneities. Different questions will indeed give different answers.
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